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A B S T R A C T
This work compares various methods to prepare polymer/carbon nanotube (CNT) composites for
thermoelectric applications, focusing on the different doping mechanisms. We ﬁrst look at the general
trends observed in the Seebeck coefﬁcient and power factor for a large number of composites as a
function of electrical conductivity. Then we discuss two methods of nitrogen doping the carbon
nanotubes in these composites, namely either during synthesis, or afterwards by ammonolysis. Finally,
we discuss doping of the carbon nanotubes through charge transfer from the polymer counterpart,
including photo-induced switching of the majority carrier type. As a general remark, we note that
processability is negatively inﬂuenced by some doping procedures. Best results were achieved for
unfunctionalized single-walled carbon nanotubes with a high content of semiconducting CNT species.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Both conjugated polymers and carbon nanotubes (CNTs) are
promising materials for low temperature thermoelectric applica-
tions such as waste heat harvesting. Polymers have very low
thermal conductivity k and high Seebeck coefﬁcient S, whereas
CNTs show excellent electrical conductivity s, and high Seebeck
coefﬁcient in the case of precisely doped pure semiconducting
CNTs [1]. In both cases a precise control of the Fermi level is
necessary to ﬁnd the optimal trade-off between S and s and to
maximize the thermoelectric power factor S2s. S2s is a measure of
the effectiveness of a thermoelectric material, as opposed to its
efﬁciency, which can be gauged by the dimensionless ﬁgure of
merit ZT = S2sT/k, where T is the average temperature. The weak
point of conjugated polymers and CNTs are the relatively low s and
the very large k respectively. Still, a precise control of the doping
level of conjugated polymers allowed to signiﬁcantly reduce the
performance gap that exists between inorganic and organic
materials [2]. However, as experimental methods catch up,
allowing for increasingly precise measurements of k and s in* Corresponding author.
E-mail address: mcampoy@icmab.es (M. Campoy-Quiles).
http://dx.doi.org/10.1016/j.synthmet.2017.01.002
0379-6779/© 2017 The Authors. Published by Elsevier B.V. This is an open access article unthe same direction or even on the same sample, it has been
demonstrated that the thermal conductivity strongly depends on
the electrical conductivity, even in conjugated polymers [3,4].
A promising alternative that could allow surpassing neat
conjugated polymers or CNTs in terms of performance are
polymer/CNT composites, because they have several inherent
advantages. In these composites, polymers serve a dual purpose.
They can improve thermoelectric performance as well as facilitate
processing. By increasing the scattering of phonons at inter-tube
interfaces, they can decrease the high thermal conductivity of CNTs
by several orders of magnitude [5,6]. Charge transfer between the
polymer and CNTs also allows for doping the CNTs [7]. It is even
possible to indirectly dope the CNTs, by doping the surrounding
polymer which acts as a bridge for molecular dopants that
otherwise would not directly dope CNTs [8]. On the other hand,
polymer-wrapping has been demonstrated as a simple and highly
effective way to selectively disperse only semiconducting CNTs, or
even only CNTs of a single, well-deﬁned chirality [9–12]. These
polymer-wrapped CNTs are well dispersed in solution, greatly
facilitating solution processing and minimizing bundling. Further-
more, the ﬁnal dried composites exhibit better mechanical
properties than neat CNT ﬁlms, particularly if using shorter CNTs.
This is of particular advantage if working with ﬂexible substrates,
or unencapsulated samples. Importantly, neat CNTs may constituteder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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danger of CNTs leaking into the air, an important aspect when
considering possible applications.
Conjugated polymers are typically doped by carefully control-
ling the concentration of a small molecular dopant [13] or counter-
ion [14]. For multicomponent systems like CNT composites,
naturally a wider range of options exists, such as the encapsulation
of dopants within tubes [15], the preparation of composites with
self-doped polyelectrolytes [16] or even complex concoctions of
multiple polymer and small molecule dopants [17].
For an optimal thermoelectric module both p- and n-type
thermoelectric materials are needed. CNTs in air are normally p-
doped by atmospheric oxygen. Because of this, and due to the
inherent instability of many n-type dopants towards oxidation in air,
research into air-stable n-doping is of particular importance [18,19].
In this work we ﬁrst survey the performance of composites of
CNTs with conjugated polymers in general. We do not observe a
maximum in power factor as a function of conductivity, thus further
improvementinperformanceisanticipatedbyanadditional increase
in conductivity, which encourages exploring different doping
mechanisms for polymer/CNT composites. We discuss and present
new results concerning ﬁrst, methods for directly doping the CNTs
before blending; and secondly, two alternatives for tuning the
doping in the CNT through the polymer counterpart.
2. Materials and methods
2.1. Materials
SG65i CoMoCAT1 SWCNTs (SouthWest NanoTechnologies)
containing 40% (6,5) tubes were bought from Sigma-Aldrich.
Nitrogen doped multi-walled CNTs (n-MWCNTs) were synthe-
sized from a saturated solution of acetonitrile/ferrocene feedstock
by chemical vapour deposition (CVD) using a continuous process
[20]. n-MWCNTs contain approximately 7 wt% nitrogen, as
determined by scanning transmission electron microscopy/elec-
tron energy loss spectroscopy. The n-MWCNTs typically contained
residual iron from the catalyst used in their formation.
Nitrogen doped single-walled CNTs (N-doped SWCNTs) were
synthesized by ammonolysis treatments of CVD SWCNTs (Elicarb1,
supplied by Thomas Swan & Co). The as-received SWCNTs were
initially puriﬁed using steam, in order to remove the amorphous
carbon and graphitic nanoparticles resulting from the synthesis. A
6 M hydrochloric acid solution was then employed to remove the
catalytic metal nanoparticles exposed after the steam treatment
[21]. Afterwards, the puriﬁed SWCNTs were functionalized with
carboxyl and hydroxyl groups by treating them in nitric acid [22].
These functionalized SWCNTs (f-SWCNTs) were then placed into a
sintered Al2O3 boat in the centre of a silica furnace tube. The
sample was then annealed at 500  C and 700  C in the presence of
pure NH3 gas (Carburos Metálicos 99.99%), ﬂowing at 300 mL
min1 [23]. The NH3 treatments lead to nitrogen-doped SWCNTs
with N contents of 5.9 wt% (500  C) and 3.1 wt% (700  C), as
determined by chemical analysis.
Poly(3-hexylthiophene-2,5-diyl) (P3HT, Mw 82 kg mol1, Mw/
Mn 2.4, regioregularity >90%, Rieke Metals), branched polyethy-
lenimine (PEI, Mw 800 g mol1, Mw/Mn 1.33), Sodium dodecyl-
benzenesulfonate (SDBS, technical grade), ortho-dichlorobenzene
(oDCB 99% ReagentPlus) and chloroform (>99.9% CHROMASOLV)
were obtained from Sigma-Aldrich. Materials were used as
received.
2.2. Solution preparation
CNTs were dispersed in oDCB at a concentration of 0.5 g L1 and
sonicated in ice water for 60 min (Bransonic CPX2800H). P3HT wasdissolved in chloroform and an appropriate amount was added in
three steps to the CNT dispersion, each time followed by additional
sonication for 30 min. For the PEI composites, dispersions of 1 g L1
of SWCNTs in deionized water that contained 4 g L1 of SDBS were
sonicated for 60 min. An amount of PEI equal to the amount of
SWCNTs by weight was added in three steps, followed each time by
30 min sonication.
2.3. Sample preparation
The prepared solution was drop-cast onto PET substrates and
left to evaporate. Some samples were irradiated for 60 s with
50 mW cm2 of UV-light directly after deposition in a Jelight UVO-
Cleaner 42.
2.4. Physical characterization
Sample thickness was measured using a KLA Tencor P16+
proﬁlometer. Typically, samples were 1 mm thick.
Scanning electron microscopy (SEM) images of samples drop
cast on PET substrates were acquired using a Quanta FEI 200 ESEM
FEG microscope, operating between 15.0 and 20 kV.
2.5. Electrical characterization
The average Seebeck coefﬁcient between 310 K and 350 K was
measured using a custom built setup, employing the differential
method at quasi steady state in ambient atmosphere. The Seebeck
voltage was measured using a Keithley 2400 sourcemeter, and the
temperature at the same contacts was measured using a pair of ﬁne
wire K-type thermocouples (0.075 mm diameter). For each
composition, several 2 by 1 cm2 samples, contacted with silver
paste were measured.
The electrical conductivity measurements were performed on 1
by 1 cm2 samples from the same batch with an Ecopia HMS-5000
Hall measurement system, using the van der Pauw method [24].
3. Results and discussion
3.1. General trends in polymer/CNT thermoelectrics
Fig. 1 shows a summary of the Seebeck coefﬁcients and power
factors of CNTs and CNT-composites plotted as a function of their
electrical conductivity. The presented data is a summary of the
SWCNT/P3HT and SWCNT/PEI composites prepared for this work,
data from Avery and co-workers [1] as well as data from our group
[7,8]. This plot allows us to have a general picture of the
thermoelectric behaviour of composites as it includes data from
different types of nanotubes (single- and multi-walled, p-type and
n-type, and purely semiconducting tubes) and polymers (poly-
ethylenimine, polythiophenes, polyﬂuorenes). Here, s is used as a
proxy for the charge density, which is harder to determine
experimentally [13].
Generally speaking, S decreases with s for all data sets, while
the power factor increases. Interestingly, no maximum is observed
for the power factor, which suggests that the limit for the best CNT/
polymer composites has yet to be reached. It is also apparent, that
different classes of materials follow the aforementioned trend to a
varying degree. MWCNTs and their composites, plotted in red,
generally perform worst, owing to the generally low Seebeck
coefﬁcient associated to the metallic character of MWCNTs. At very
low conductivity values, the plotted data points with high Seebeck
coefﬁcient correspond to high polymer content composites
containing only a few weight percent of non-percolating CNTs.
The performance is, thus, close to that of the pure polymers.
SWCNTs plotted in blue represent a step up in performance with a
Fig. 1. Seebeck coefﬁcient S and power factor S2s for SWCNTs a-b) and MWCNTs c-d), plotted versus electrical conductivity s. Data from this work (ﬁlled circles) follows the
general trends observed in other reports (open symbols, pentagons from Ref. [1], squares from Ref. [8] and triangles from Ref. [7]). The data are organized by type of CNT, with
multi-walled in red, single-walled in blue and semiconducting single-walled tubes in green. The colored dashed lines correspond to power law ﬁts to the corresponding
groups, while the black dashed line represents the empirical relations of S  s1/4 and S2s  s1/2 observed for a wide range of doped conjugated polymers [13]. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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ﬁcients are achieved by deliberately selecting only semiconducting
SWCNTs, in agreement with theoretical expectations [1]. The three
colored dashed lines are power law ﬁts to the data for the 3
different categories of CNTs. For comparison, the black dashed line
represents the empirical relation S = kb/e(s/sS)1/4 observed for
doped conjugated polymers across more than ten orders of
magnitude in electrical conductivity [13,25].
Generally speaking, the power factor of doped polymers appears
to depend more strongly on s compared to SWCNTcomposites (blue
and green), allowing to reach higher power factors than polymers at
highs, perhaps due to the much higher charge carrier mobility of the
SWCNTs. Conversely, MWCNTs (red) never reach values above those
of doped polymers, staying below the black line, which indicates the
expected performance of doped conjugated polymers. Interestingly,
forlows, dopedpolymersperformbetterthanallcomposites, except
those containingonlysemiconductingSWCNTs.This isdue tothe low
Seebeck coefﬁcientof mixtures of metallic and semiconducting CNTs
compared to that of conjugated polymers. Still, for high conductivity
SWCNTs, S is above that of doped polymers due to the narrower
density of states. These observed trends conﬁrm that (semicon-
ducting) SWCNTs (but not MWCNTs) and their composites are
promising materials for thermoelectric applications [1], surpassing
the power factor of doped polymers at the high electrical
conductivities required for practical applications.Furthermore, the lack of a maximum of the power factor plotted
versus s encourages further investigations into the doping
mechanisms of composites that could allow to further increase s.
3.2. Nitrogen doping of SWCNTs by ammonolysis
Substitutional nitrogen doping of the CNTs is one potential
mechanism for obtaining n-type composites which, in addition,
could be used in conjunction with molecular doping steps of the
composite. In a previous work, we looked at nitrogen doped
MWCNTs, and how their Seebeck coefﬁcient in a composite with
P3HT can be tuned from S > 0 for composites containing small
amounts of n-MWCNTs, to S < 0 for n-MWCNT-rich composites [7].
Furthermore, we showed that the Seebeck coefﬁcient could be
tuned by a UV-treatment during deposition. In this work, we
expand on several aspects of that report, investigating an
alternative way to nitrogen dope CNTs, and present additional data.
To investigate the inﬂuence of the doping protocol on the
thermoelectric performance, we here studied CNTs that were
nitrogen doped by ammonolysis. We selected SWCNTs, which are
better suited for thermoelectric applications [1,8], since unlike
MWCNTs, they are not predominantly metallic. We used a doping
method that has been demonstrated to lead to a high fraction of
nitrogen uptake in highly reduced graphene oxide [23]. This
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nitrogen uptake.
The SWCNTs, which have been previously puriﬁed to eliminate
secondary products resulting from the synthesis [21], were treated
in presence of an HNO3 solution to introduce oxygen-bearing
functionalities, mainly carboxyl and hydroxyl groups, as a prior
step to the doping procedure. The presence of oxygenated species
on the external surface of the nanotubes modiﬁes the physical and
chemical properties of the CNTs and increases the reactivity of the
material, which otherwise would barely interact with the N source.
The results for S and s of these functionalized SWCNTs (f-SWCNTs)
serve as a reference and are shown in Fig. 2 for both neat CNTs and
composites with P3HT.
The low electrical conductivity of neat f-SWCNTs is explained
by the highly hydrophilic character of the carboxyl (COOH) and
hydroxyl (OH) groups introduced by the oxidation [22]. The
resulting ﬁlms, prepared from oDCB, are less homogeneous than
those prepared from defect-free CNTs. Dispersion of f-SWCNTs in
the composite is improved, resulting in a higher s. The doping
protocol, which involves annealing of the f-SWCNTs at 500 C and
700 C under ammonia gas [23], may induce the simultaneous
introduction of N species in the conjugated structure and the
elimination of the oxygen-based groups. While f-SWCNTs exhibit a
positive S, as was anticipated, we did not observe the expected
negative Seebeck coefﬁcient for N-doped SWCNTs. Instead S
remains quite constant over the doping range studied. We attribute
this observation to a signiﬁcant amount of oxygen-containing
defects that remain in the tubes even after the nitrogen doping. The
introduction of N in the conjugated lattice proceeds via the
interaction and subsequent elimination of oxygen-bearing func-
tionalities from the CNT surface. However, despite the highly
reductive character of NH3, not all oxygen-based groups are
eliminated after high temperature treatments [23]. Chemical
analysis supports this argument, with detected concentrations of
4.2 wt% and 2.4 wt% of oxygen for the samples treated in NH3 at
500 C and 700 C respectively. It has been reported that thermal
annealing of f-SWCNTs at 500 C induces the partial elimination of
the carboxyl groups, resulting from the acid treatment, while their
oxidized derivatives can be stable up to higher temperatures [26].
As a consequence of the elimination of the sp3 defects, the
conjugation along the surface of the SWCNTs is restored. This is in
agreement with the improved electrical conductivity of theFig. 2. Seebeck coefﬁcient S (ﬁlled circles) and electrical conductivity s (open
squares) of neat N-doped SWCNTs (red) as well as for composites with P3HT (blue).
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)N-doped SWCNTs. Furthermore, the less hydrophilic character of
the nitrogen doped tubes improves ﬁlm formation slightly,
contributing to an increase in s as well. On the other hand, the
low electrical conductivity and high Seebeck coefﬁcient of the
composites are characteristic of increased phase separation and
poorly percolating N-doped SWCNTs due to an inferior interaction
between tubes and P3HT. SEM micrographs of the prepared ﬁlms
indeed suggest bundling and aggregation as shown in Fig. 3. Neat
SWCNTs ﬁlms show micrometer-long bundles with an average
diameter of 16  4 nm, as well as micrometer-sized aggregates.
Composites show no large aggregates, but an increased bundle
diameter of 22  2 nm.
All of these observations lead us to conclude that for
thermoelectric composites, a low concentration of remaining
oxygen based groups is more important than merely a high
nitrogen uptake during substitutional nitrogen doping of SWCNTs.
In other words, the type and number of functionalities have to be
ﬁne-tuned in order to obtain an appropriate compromise between
nitrogen doping and remaining oxygen groups. Only then will the
obtained material exhibit n-type character.Fig. 3. SEM micrographs of neat N-doped SWCNTs and their composites with P3HT
on a PET substrate. Bundles and aggregates of CNTs are clearly visible.
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CNTs in composites may be charge-transfer doped directly by
the surrounding polymer material [27], which results in a change
in electrical conductivity as well as a shift of the Fermi level and a
corresponding change of the Seebeck coefﬁcient. The doping is
strongly dependent on the interaction between polymer and CNTs
and as such is inﬂuenced by their relative concentration, as well as
by the processing conditions. The change of the Fermi level is most
evident when S completely changes sign.
For example, this has been observed for n-type nitrogen doped
MWCNTs, that are further doped by a matrix of the p-type
conjugated polymer P3HT, resulting in a change of the Seebeck
coefﬁcient from negative to positive values with increasing P3HT
content (Fig. 4a dark green bars and Ref. [7]). A change in the
opposite direction is also possible. In this case, nominally undoped
SWCNTs, which exhibit a positive Seebeck coefﬁcient due to
residual oxygen doping in air, are n-doped by the addition of
polyethyleneimine (PEI) [17,28,29]. Samples rich in PEI exhibit a
negative Seebeck coefﬁcient due to its strongly electron donating
character, as is pictured with the dark red bars in Fig. 4b. In both
cases the polymer charge-transfer dopes the CNTs, which may
change the majority charge carrier type in the CNTs if the ratio of
polymer is sufﬁciently high (>2:1 for P3HT:n-MWCNTs and >1:2
for PEI:SWCNTs). This way, the Seebeck coefﬁcient can be changed
by changing the relative composition. The exact composition
depends on the degree of interaction between the two compo-
nents, as well as their energy level alignment and the degree of
phase separation and purity of the resulting domains.Fig. 4. Data for the Seebeck coefﬁcient of n-MWCNT/P3HT composites a) from Ref.
[7] compared to those of SWCNT/PEI composites b) versus composition with and
without UV-treatment. The Seebeck coefﬁcient changes sign for an increasing
amount of polymer. Using UV-irradiation, an opposite change, towards the Seebeck
coefﬁcient of composites richer in CNTs can be achieved in oDCB.Interestingly, in both cases, the Seebeck coefﬁcient can not only
be tuned by changing the composition (dark colors), but also by
UV-irradiating the ﬁlm during deposition from an oDCB solvent
(light green and light red), as shown in Fig. 4. In effect, the UV
treatment is acting like a local change of composition, thereby
inﬂuencing the amount of doping. This can be explained by the
partial degradation of the polymer that is in close contact with the
nanotubes. While a change of the Seebeck coefﬁcient is observed
across the whole composition range, it is largest for intermediate
concentrations, where S actually changes sign. For example, a 1:2
p-type composite of n-MWCNT:P3HT turns n-type by UV
irradiating the solution during deposition as seen in Fig. 4a.
Similarly, Fig. 4b shows that a 2:1 n-type composite of SWCNT:PEI
turns p-type upon irradiation of the solution.
This enables the deposition of both p- and n-type material from
the same solution coupled with a UV-treatment, for certain
intermediate compositions of P3HT and n-MWCNTs in oDCB
(green), as well as for PEI and SWCNTs in oDCB (red).
It should be noted that the UV-treatment is not effective if using
water as a solvent, since an additional surfactant is required in that
case. As can be seen in Fig. 4b (blue), the change of the Seebeck
coefﬁcient is then strongly suppressed. This is attributed to the
large amount of SDBS which is required for a stable dispersion.
Since the amount of SDBS required for an adequate dispersion is
higher than the amount of both SWCNTs and PEI, it is expected to
have a signiﬁcant effect on the interaction of PEI with SWCNTs
beyond the effect of the UV-treatment. This is conﬁrmed by the fact
that the Seebeck coefﬁcients of composites prepared from a
dispersion in water and SDBS are signiﬁcantly different from those
prepared in oDCB, attesting to the considerable interaction of SDBS
and SWCNTs.
4. Conclusions
In summary, we compared different types of CNTs (multi-
walled, single-walled, or semiconducting single-walled) with
regards to their thermoelectric performance, as well as different
protocols to control the doping of CNT composites: (i) by direct
nitrogen doping of the CNTs either during synthesis, or (ii)
afterwards by ammonolysis; or (iii) by charge transfer doping from
a polymer matrix to the CNTs by forming composites. We further
showed that this interaction can be controlled during deposition
using UV irradiation. This catalogue of doping methods may enable
facile solution processing and the accurate doping control needed
for effective thermoelectric materials. It is anticipated, that
sequential application of the different methodologies explained
here will signiﬁcantly increase the performance of organic
thermoelectric composites by further increasing electrical con-
ductivity.
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